The paper describes the technical transition of earth structures for the super express known as the Shinkansen. To ensure the safe running of Shinkansen, the earth structures needed to be adequately designed and constructed with consideration of cost eŠectiveness and high stability. These earth structures include embankments for the slab tracks, reinforced retaining walls, reinforced cut slopes, aseismic abutments, soil improvement and performance-based design. New construction techniques and design methods, model tests,ˆeld construction tests and evaluations of these designs were carried out to construct the best possible earth structures. The actual applications of the earth structures listed above to secure the safe running of the Shinkansen are introduced.
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INTRODUCTION
Approximatelyˆfty years has already passed since thê rst super express in the world went into service in the Tokai region. For the construction of the above super express line, earth works with construction equipments installed from United State after the end of the Second World War were adopted for the management of construction. In addition, the roadbed was constructed, the soil was strengthened with backˆll soil and the dynamic deformability of the upper soil in the embankment was evaluated, as shown in Fig. 1 . However, the Tokaido Shinkansen was nothing but trouble. Figure 2 shows the number of annual troubles and damage related to the Tokaido Shinkansen after going into service. In particular, shutdowns of the railway due to slope collapses caused by rainfall were common, and the smooth running of the service was restricted due to the settlement of the backˆll soil of abutments, especially in 1965. Due to the above troubles, there was a considerable amount of maintenance work which had to be carried out on the railway track. The cause of the above troubles is considered to be the inadequateness of the countermeasures of the weak foundation, the selection of backˆll soil of the earth slopes, and the strength of the roadbed. After the construction of the Tokaido Shinkansen, the design and construction speciˆcations for earth structures was established. These speciˆcations described an earth slope as a structure and prescribed technical methods, including planning, investigation, design and construction. In 1978, the speciˆcations were revised as the design standard for earth structures. The 1978 speciˆcations were the standard applied to the constructions of the Tohoku and Joetsu Shinkansen. Figure 3 shows the adoption ratio of earth structures. The total number of constructions of earth structures drastically decreased with the revision of the design standard. While 53z of the Tokaido Shinkansen is earth structures, 12z, 5z and 1z were earth structures in the Sanyo, Tohoku and Joetsu Shinkansen lines.
In 1987, the Japan National Railways was divided into several companies collectively called the Japan Railway (JR) Group. After 1987, Japan Railway Construction, Transport and Technology Agency constructed new Shinkansen lines and addressed technology development with the Railway Technical Research Institute. As a result, high quality earth structures with a high cost performance were developed and applied to the new Shinkansen lines. Figure 4 shows the constructed and planned Shinkansen lines. In the Hokuriku Shinkansen line between Takasaki and Nagano station opened in 1997, a slab track designed to be maintenance free was applied to earth structures, as shown in Fig. 5 . This was a turning point for the application of earth structures as an alternative to a viaduct for the construction of the slab track. In addition, a reinforced retaining wall was newly developed and applied to the Shinkansen lines.
For the application of Tohoku Shinkansen line between Morioka and Hachinohe stations opened in 2002, a reinforced cut slope was newly developed, as shown in Fig. 6 . Moreover, for the development of the rational construction method of a soil improvement for a weak foundation, a method known as the column-net construction method was developed using techniques of the cement deep mixing method and the blanket net method. For application on the Kyushu Shinkansen line between Yatsushiro and Kagoshima-chuo stations, a reinforced abutment was newly developed to improve the settlement of the back of the abutment and increase the safety for high-speed running. To achieve this, a loading test using an actual pier and an abutment for the Shinkansen line was conducted.
This paper is a summary of the newly developed earth structures of the Shinkansen lines over the recent 50 years and recent relevant developments with actual examples. 
EMBANKMENT FOR SLAB TRACK

Introduction
Conventionally, a ballast track was used for railway tracks. This was because the ballast track has a high drainage function and the construction costs are low. However, track maintenance becomes di‹cult once excessive settlement is induced due to the deformation of earth structures. Therefore, the development of slab tracks with the aim of signiˆcantly reducing maintenance work was started in 1965. Slab tracks were formerly constructed only on viaducts or in tunnels rather than on earth structures such as embankments or cuttings. For earth structures, by introducing strict quality control for the subgrade and applying a reinforced concrete roadbed, it became possible to construct slab tracks even on earth structures. As a result, slab tracks with concrete roadbeds have been widely applied on earth structures in current Shinkansen line construction. The standard speciˆcations for earth structures supporting slab track for the construction of the Sanyo Shinkansen line were published, and are shown in Fig. 7 .
Development of Embankment for Slab Track
To avoid excessive settlement of slab tracks due to subgrade deformation, subgrade with a high bearing capacity is required. In cases where the N-value according to SPT (standard penetration testing) is lower than 4, ground improvement using a method such as deep mixing is necessary. However, a soft diluvial clay layer with a low N-value was detected on the part of a TohokuShinkansen line under planning adjacent to the local town of Shichinohe. In this case, ground improvement was necessary in order to conform to earth structure design standards. An alternative would have been to use ballasted track instead of slab track. However, those methods were not appropriate because ground improvement increases the initial cost and ballasted track increases the maintenance cost. The results of a preliminary survey indicated that the diluvial clay layer was in a su‹ciently over-consolidated condition, and it was presumed that no residual settlement would be induced by train loads. If slab track can be introduced only with surface improvement of the subgrade, it is possible to reduce the overall life cycle cost signifcant1y. Figure 8 shows an embankment with an inclination of more than 1:1.8 and the installation of primary and secondary reinforcements with spacings of 1.5 m and 0.3 m, respectively. This type of embankment can support slab tracks.
In addition, an all-in one concrete roadbed connected with a sound barrier was developed to support the slab track, as shown in Fig. 9 . This structure can eŠectively distribute the tra‹c load as a train passes. This type of structure was adopted to the Tohoku Shinkansen.
Seismic Performance of Embankment for Slab Track
This design method intends to standardize the seismic design of geosynthetic-reinforced soil (GRS) embankment with slab track. The seismically-induced permanent deformation of embankment is mainly caused by 1) sliding displacement along the slip circle of the embankment, 2) shearing deformation due to the shaking of the embankment, and 3) subsidence due to the shaking of the subsoil. Each of these can be calculated as indicated below.
1) Sliding displacement along the slip circle: This is calculated by the Newmark method (Newmark 1965) , by applying the theory to the slip circle of the embankment as shown in the dynamic response analysis for subsoil during earthquake. The criteria of the above deformation of the embankment subjected to Level-1 and Level-2 earthquake are 10 mm and 100 mm, respectively. These Level-1 and Level-2 earthquake motions are set at the bedrock and their prop- erties are represented by acceleration response spectra. Level-1 earthquake motion has been used in combination with the elastic design method. In addition to being treated as a static load (for the seismic coe‹cient method), it is also provided as a seismic wave form for dynamic analysis. The intensity of this earthquake motion is determined by referring to the earthquake risk for a return period of 50 years. Level-2 earthquake motion is considered to occur in regions near faults, including hypocenters, and to be as severe as the strong earthquake motions experienced during the 1995 Hyogoken-Nambu Earthquake.
REINFORCED RETAINING WALLS
There are many cases where retaining walls have been applied to reduce the construction area. To this end, an aseismic geosynthetics-reinforced retaining wall with a full-height rigid facing (GRS-RW) was developed. Figure  11 shows the following standard staged-construction procedure for GRS-RWs; 1) a small foundation for the facing isˆrst constructed; 2) a full-height wall is constructed with the help of gravel-ˆlled bags placed at the shoulder of each soil layer, which is wrapped-around with a reinforcement geosynthetic sheet; and 3) after having conˆrmed that most of the possible deformation of the backˆll and supporting subsoil layers has taken place, a thin lightly steel-reinforced concrete facing is cast-in-place on the wall face so that it isˆrmly connected to the reinforcement layers and the wall face of backˆll. The main features of the GRS-RW system can be summarised as follows (Tatsuoka et al., 1997a ): 1) GRS-RWs without a full-height rigid facing are essentially ‰exible during theˆlling-up and compaction of backˆll and therefore, free from several problems arising from the interaction between a rigid facing and deformable backˆll and can accommodate relatively large deformation of the supporting ground without losing stability. Actually, none of the GRS-RWs constructed has been supported with pile foundations. Rather, in cases where the supporting ground is too soft and weak, the ground is usually improved by insitu cement mixing. 2) After casting-in-place a full-height rigid facing, the GRS-RWs become stable, rigid, durable and aesthetically acceptable enough to be equivalent to RC cantilever retaining structures. In particular when load is applied on the top of facing or the crest of wall, the use of full-height rigid facing increases the wall stability and decreases the wall deformation. 3) By using a full-height rigid facing, a GRS-RW can become stable and rigid enough even with relatively short reinforcement. This feature becomes an advantage particularly when reconstructing a gentle slope of an existing embankment to a vertical wall by reducing the amount of soil to be excavated and to beˆlled, in addition to the reduction in the number of construction stages. 4) Inferior on-site soil such as sand which includes a large amount ofˆnes, cannot be used as backˆll when conventional steel strip-reinforcement is used (e.g., Terre Armee retaining walls). On the other hand, a polymer grid is much better in reinforcing such type of soil. Even a nearly saturated clay can be used as the backˆll soil for a GRS-RW by using a composite geosynthetic, with a drainage function of a non-woven geotextile component and a large tensile stiŠness by a woven geotextile component.
Other features of the GRS-RWs are that it is possible to construct them on weak foundations and a wide variety of backˆll soil can be used. These features aŠect the construction and economic e‹ciency with regard to the availability of soil improvement or backˆll soil. Taking advantage of the above features, the GRS-RW was applied to Nagano rail yard in the Hokuriku Shinkansen opened in 1997, as shown in Fig. 12 . The Nagano rail yard was constructed for the placement and maintenance of the Shinkansen, with an area of 150,000 m 2 , 1,800 m in total length, 100 m in maximum width, and 2.0 m in height. There are two major features of the GRS-RW constructed in the Nagano rail yard. One is to construct the GRS-RW on particularly soft and weak foundation deposit clay at a depth of 30 m. Another is to useˆne-grained soil as a backˆll soil of the GRS-RW. Due to the use ofˆne-grained soil, it is possible to increase the pore pressure in the backˆll soil upon compaction. Therefore, to reduce the above pore pressure in the backˆll soil, woven geotextile and geogrid reinforcement are applied in the GRS-RW, as shown in Fig. 13 . It has been 8 years since the GRS-RW in the Nagano rail yard as shown in Fig. 14 started service, and it is stable and experiences no trouble.
The GRS-RW has high seismic stability. During the Hyogoken-Nambu Earthquake of January 17, 1995, all the GRS-RWs with a full-height rigid facing constructed over a length of about 2 km in the aŠected areas performed very well (Tatsuoka et al., 1997b) . Based on their performance, a number of conventional type retaining walls, mostly gravity type, that were seriously damaged during the earthquake were re-constructed to this type of GRS-RW. This is another factor that has enhanced the trend of``returning'' to soil structures. Note that the return is not to conventional types but to the new type GRS-RWs with a full-height rigid facing, as shown in Fig. 11 . The mechanism of high seismic stability of this type of GRS-RWs was discussed in detail by Tatsuoka et al. (1998) .
REINFORCED CUT SLOPES
The seismic instability of conventional retaining walls for cut slopes was pointed out after the occurrence of the Hyogoken-Nambu Earthquake. To alleviate the above problem, anchored and reinforced retaining walls were developed.
In making conventional retaining walls for cut slopes, concrete facings 30 cm in width are cast after compacting considering the self-sustainability and global stability of the cut slope. However, the seismic instability of the conventional retaining walls for cut slopes was a problem due to the eŠect of the settlement of the cobble placed behind the upright concrete facing. A function of the drainage of the cobble was so important that the drainage synthetic resin mat was used as an alternative of cobble to increase the seismic stability. For application on a relatively stable cut slope, an anchored retaining wall was developed to arrange the alignment of the reinforcement according to the seismic force or soil strength. For application on an unstable cut slope, a reinforced retaining wall was developed to install the relatively longer reinforcement, as shown in Fig. 15 .
Meanwhile, in cold climates, the amount of frost heave which occurs depends on the soil properties, the tempera- ture and the existence of water. The drainage synthetic resin mat used as an alternative of cobble in the proposed anchored and reinforced retaining walls was found to have lower insulation e‹ciency. Therefore, a long-term led test of the proposed retaining walls sprayed with urethane foam as an antifreeze measure was conducted to evaluate the insulation e‹ciency of the proposed structures. As a result, the temperature of the backˆll at the back of the facing did not fall to below 09 C and the tensile strain of the reinforcement was able to be restrained to very small values when urethane foam 3 cm in width was used, as shown in Fig. 16 . The proposed anchored and reinforced retaining walls have been applied to the earth structures of the Shinkansen to ensure it runs safely.
ASEISMIC ABUTMENT
Introduction
A great many conventional type of railway bridge abutments were seriously damaged with a large relative settlement between the bridge abutment and the backˆll, as shown in Fig. 17 during the 1995 Hyogoken-Nambu Earthquake. Such relative settlement endangers train operation, even when it is only several centimeters. A long-term joint research project was begun in 1997 by the Railway Technical Research Institute (RTRI), Japan Railway Construction Public Corporation and the University of Tokyo, with the aim of developing new aseismic types of bridge abutments.
One of the conventional measures against such problems is to construct an``approach block'' (Fig. 18) with densely compacted well-graded crushed gravel. This method is also generally used to reduce settlement during train load in static condition in Japanese railways. In this paper, a new type of approach block abutment with geogrid-reinforced cement-treated backˆll was proposed to substantially increase seismic stability (Fig. 19) . The procedure of this abutment is that the cement-treated approach block is constructed with horizontally installed geogrid reinforcement. After constructing the backˆll, a lightly steel-reinforced concrete facing is cast-in-place di- rectly on the wrapped around wall face whileˆrmly connecting the facing to the main body of the reinforced backˆll. Finally, the girder was placed on a parapet of the above facing. Theˆrst prototype abutment with geogrid-reinforced cement-treated backˆlls was constructed in Fukuoka City, in Japan. The backˆll of the abutment is cementtreated densely compacted well-graded crushed gravel, reinforced with geogrid layers with a vertical spacing of 30 cm. To have a better insight into the seismic stability of the abutment with geogrid-reinforced cement-treated backˆlls and to develop the relevant seismic design methodology, aˆeld test was performed to apply the horizontal force to the above abutment. This paper also gives an overview of theˆeld test results and the application to the design methodology. Figure 20 shows a seismic design procedure in which the abutment is connected with the cement-treated backll through the geogrids working as a kinematical spring. As explained later, the design procedure of the proposed abutment has two steps. One is the design of the abutment itself. The second is the design of the cement-treated backˆlls. Figure 20 (a) shows a schematic of seismic working loads. The driving forces are the self weights of the abutment and railway plate girder, the inertia force and tra‹c surcharge. Importantly, the active earth pressure of the backˆll is not taken into consideration in the design of abutment on the premise that the stability of cementtreated backˆll can be evaluated.
Design Method
Figure 20(b) shows a model for design of abutment. The abutment is modeled as a beam element, the subgrade is modeled as a rotational spring and the horizontal spring and geogrid are both modeled as horizontal springs. The nonlineality of abutment is considered by the generally used M-q model. The springs of the subgrade and geogrid are bi-linear and tri-linear models. A pushover analysis needs to be conducted to evaluate the failure mode and the ductility factor of th foundation structure according to the design code.
Figure 20(c) shows a schematic of the seismic working loads in the cement-treated backˆll for the evaluation of internal and external stability. Driving forces are the reaction force of the horizontal spring modeled geogrid obtained from the push-over analysis of the abutment, the self weight and inertia force of the cement-treated backˆll and backˆll, the surcharge and tra‹c load, and the active earth pressure of the backˆll.
The evaluation of the stability during construction showed that the safety factor can be calculated by the reinforced soil structure according to the design manual on the assumption that the cement does not harden. Then the stability evaluation treats the cured cement-treated backˆll as a composite homogeneous soil mass.
The criteria in the above evaluation for Level-1 earthquake is that the working forces are less than the design strength, and the stability backˆll requirement is satis-ˆe d. For Level-2 earthquake, a deformation analysis should be performed by the Newmark method using the peak friction angle before yielding and the residual friction angle after yielding. Then the deformation obtained from the above analysis needs to satisfy the criteria.
Field Test
In the fall of 2002, theˆrst prototype abutment with a geogrid-reinforced cement-treated backˆll was constructed to support a railway plate girder of the planned Kyushu-Shinkansen in Fukuoka City, Japan as shown in Figs. 21 and 22 . The height of the abutment is about 12.6 m from the top of the footing to the top of the girder. The backˆll was very well compacted, cement-treated wellgraded crushed gravel reinforced with geogrid layers with an average vertical spacing of 30 cm. The abutment was constructed as follows: 1) Preparation of subgrade: This step involved the removal of unsuitable materials from the area to be occupied by the retaining structure. Slope cut and site preparation was conducted when necessary. 2) Placement of leveling pad for construction of facing: This generally unreinforced concrete pad was often 100 mm thick on well-compacted gravel 200 mm in thickness. The purpose of this pad was to serve as a guide for facing construction and was not intended as a structural foundation support. 3) Preparation of cement-treated backˆll: Cement-treated backˆll was supposed to be prepared before placement. A prescribed amount of cement, water and basically used well-graded crushed gravel for backˆll need to be used. 4) Placement of theˆrst layer of reinforcing elements on the subgrade: The reinforcements were placed and wrapped around the gabions. 5) Placement and compaction of backˆll on the placed reinforcement and its compaction: Theˆll needs to be compacted to a speciˆed maximum dry density of approximately 95z. 6) Placement of the backˆll over the reinforcing elements to the level of the next reinforcing layer and compaction of the backˆll: The previously outlined steps were repeated for each successive layer. 7) Construction of facing: After placement of theˆnal reinforcement and backˆll, a lightly steel-reinforced concrete facing (i.e., FHR facing) was cast-in-place directly on the wrapped-around wall face whileˆrmly connecting the facing to the main body of the reinforced backˆll.
The long-term measurement of the tensile strain of reinforcement, deformation of backˆll and concrete facing, was started from the beginning of the construction to September 30, 2003. The tensile strain of the reinforcement gradually increased during the construction of the backˆll. After the construction of the backˆll, the tensile strain was stable even when the railway plate girder was placed on the concrete facing. Very importantly, the long term deformation of the concrete facing and the backˆll is negligible.
To validate the high seismic performance of the proposed abutment with geogrid-reinforced cementtreated backˆll, aˆeld test of the above described abutment was conducted, as shown in Fig. 23 . In thisˆeld test, a large number of gauges were installed, including strain gauges to measure the tensile strain of reinforcement, earth pressure cells placed on the slope cut and the bottom of the footing, displacement transducers to measure the ‰uctuation on the backˆll surface and facing, and thermometers to measure the temperature in air and the backˆll.
To apply a vertical load equivalent to the weight of the railway plate girder, three hydraulic jacks were attached to the top ends of each steel bar which was installed into the cement-mixed subgrade through the concrete facing. For the su‹cient reaction of the lateral loading, eight steel bars were installed into a pair of piers (P5 and P6) to become one reaction frame, as shown in Fig. 23 . A prescribed lateral load was applied using six hydraulic jacks attached to the top ends of each steel bars which were horizontally connected between the wall facing pier P6.
Figure 24(a) shows the relationships between the lateral load and lateral displacement of pier P6 measured 1.3 m below the top surface. Figure 24(b) shows the relationships between the lateral load and the lateral displacement measured at the parapet of the abutment. The actual maximum lateral load is 4,000 kN. Because the applied structures were not only forˆeld test but also for the service of the Kyushu planned shinkansen, the lateral loading had to be stopped before large deformation took place. In Figs. 24(a) and (b) the lateral displacement of both structures was shown to increase as the lateral load increased. Importantly, the absolute lateral displacement of the abutment was only 15.5 mm. On the other hand, the absolute lateral displacement of P6 was a relatively large value of 34.2 mm. This indicates that the stability of the abutment to lateral assumed seismic loading is considerably higher than P6.
SOIL IMPROVEMENT
Introduction
The roadbed section of the Hachinohe car storage track on the Tohoku Shinkansen is an embankment with a soft organic soil layer as the supporting ground and has a comparatively low embankment with variable height conditions (planned embankment height: 1.5 m to 3.2 m). For the construction of railway embankment, when the supporting ground is soft, it is essential to reduce the amount of plastic settlement caused by the embankment and/or train load as much as possible once the concerned line is opened. In order to resolve the problem, a method combining the deep mixing soil stabilization method and the use of geogrid was applied as the countermeasure at the site in question, as shown in Fig. 25 . This method is referred to as the column-net method in this report.
Since the column-net method has been applied to and designed for railways based on the``Handbook of Design and Construction of Soil-cement Foundation (Mechanical Mixing Method)'' issued by the Railway Technical Research Institute on July 1, 1987 (hereinafter referred to as the``current standard''), investigation was implemented at the site based on this current standard. The current standard requires that the stabilizing pile center interval D must not exceed embankment height H, and this is the most important prerequisite for applying the column-net method from the viewpoint of preventing embankment panting caused by train running. However, when an attempt was made to apply this to the embankment at the concerned site, there were some problems, including those arising from complicated design and construction for ground amelioration. This is because it was necessary to design the embankment with variable stabilizing pile arrangement intervals and pile radiuses due to the lower height and variations of the embankments. Thus, it was decided to employ a more reasonable and economic structure for applying the column-net method at the concerned site.
The applied structure has stabilizing pile center interval D＝2.5 m for embankment height H＝1.5 to 3.2 m, which is a ratio that does not satisfy the f``DºH'' requirement in the current standard. Although there was some concern that panting may result, it was decided to work around the panting by changing the types and/or arrangement of the geogrid. In addition, the decision was made to design an embankment with two layers of highstrength geogrid even though the current standard only provides for a single layer arrangement of geogrid. Based on the above background, for the purpose of verifying the performance and validity of the embankment structure at the concerned site through comparison with the performance of the structure conforming to the current standard, on-site loading tests were conducted for two very diŠerent cases.
Application of Developed Soil Improvement
The on-site loading test was conducted with a total of two embankment cases: Case 1 used an embankment height 3.206 m conforming to the``DºH'' requirement of the current standard and Case 2 used the embankment height 1.96 m (``DÀH''), not conforming to the the requirements of the current standard. The test embankment construction, loading test summary and such are summarized as follows.
The test embankment shape and the arrangement of measuring instruments are summarized in Fig. 26 . For the ground amelioration method, the Cement Deep Mixing (CDM) method was employed with apile arrangement interval of 2.5 m in the direction crossing the railroad and 3.0 m in the direction of the railroad (2.5 m×3.0 m). Tests were conducted at the same location in a series of processes. Upon completion of the Case 1 embankment construction and loading test, the Case 1 embankment was cut, and the Case 2 embankment roadbed was constructed and then the Case 2 embankment loading test was conducted. The embankment and roadbed materials and the compaction management values were the same as those for the embankments on the main line. With thê nished thickness of a single embankment layer set to 30 cm, the measuring instruments were installed as shown in Fig. 26 in the embankment construction process to take static measurements during the embankment construction and dynamic measurements during the loading tests.
A dynamic cyclic load equivalent to the train running load was simulated with a roadbed pressure of 30 kN/m 2 assuming Shinkansen car running of P16 load (wheelbase 2.5 m) at V＝200 km/h, as shown in Fig. 27 . Loading was implemented by use of a vibration generator with a performance of tare 60 kN and vibration load ＋/-60 kN (maximum load 120 kN, and minimum load of 0 kN). From the viewpoint of the performance of the vibration generator, the loading plate was set (2.7 m in the direction of crossing the railroad ×1.48 m in the direction of the railroad) equivalent to the roadbed pressure generated by an actual train load. In addition, since the loading plate simulates a track load, such as ballast, the thickness of the concrete plate was determined to be 0.4 m to generate a track load of 10 kN/m 2 .
PERFORMANCE-BASED DESIGN
In the past, embankments, earth slopes, cut slopes, retaining walls, and abutments in Japan were constructed using speciˆcation-based designs on the basis of an engineer's experience, without any advanced design method. Therefore, it was accepted that such structures would collapse when subjected to an earthquake or heavy rain and would need to be rebuilt as soon as possible. This was because the deformation and strength characteristics of soil are so complex and enormous variable when Figure 28 shows the design ‰ow for an embankment. According to the performance-based design method, performance requirements need to be determined that consider the importance of the structure, the track structure, and the di‹culty of restorability by the railway company. After that, the response value needs to be calculated considering the preliminary sizing using the limit state design method. Subsequently, this response value needs to be veriˆed to satisfy the performance limit value determined from the performance requirement.
However, since earth structures are essentially simple, it is not always appropriate to spend too much labor designing them from the viewpoint of cost or the design and construction schedule. In particular, the above design process is practically di‹cult for a small scale or urgent construction project. Moreover, it becomes impractical or dangerous to design a structure without su‹cient investigation or knowledge.
In this standard, Newmark's sliding block analysis (Newmark, 1965 ) was adopted for the veriˆcation of the seismic deformation, as shown in Fig. 29 . It is a simplied procedure employed in the design code of railway structures in Japan (RTRI, 2007) , in which the seismic deformation of earth slopes or GRS slopes subjected to a strong ground motion can be calculated by integrating the equation for the rotational motion of a soil mass contained within the critical circular slip surface by assuming the failure mass as a rotational rigid block. The equation for rotational motion is solved for the rotation caused by the diŠerence between the driving and resisting moments. The critical slip surface is determined by the conventional modiˆed Fellenius method, using a speciˆc acceleration or seismic coe‹cient to yield a safety factor of 1.0. Requisites for such an analysis are the unit weight, friction angle, and cohesion of the soil, along with the design strength of the reinforcement. For calculating the seismic deformation, it is not necessary to consider input parameters in addition to those mentioned above. The best feature of this analysis is that it is practically useful and less time consuming in terms of calculation.
The notations are deˆned in Fig. 30 , where R is the radius of the critical circular slip surface; Wi, soil weight of the i-th slice; ai, angle between the critical slip surface and x coordinate of the i-th slice; q, soil friction angle; c, soil cohesion; li, length of the critical slip surface of the ith slice; x g, i and y g, i , the x and y coordinates of the center of gravity of the i-th slice, respectively; and xc and yc, the x and y coordinates of the center of the critical slip surface, respectively. Subsequently, after selecting the design ground motion, a seismic stability analysis is conducted by using the above-determined center and radius of the critical slip surface.
CONCLUSIONS
In this paper, 50 years of research and development of earth structures for the Shinkansen and the adoption of design standards for the building of earth structures for the Shinkansen has been reviewed. In Fig. 31 , the earth structures employed today are shown. They are the culmination of 50 years of engineering research and experience. In future, we can expect further high performance of earth structures to be developed based on the adoption of performance-based design.
